Abstract: Metabolic Syndrome (MetS) is a complex disorder that predisposes an individual to Cardiovascular Diseases and type 2 Diabetes Mellitus. Proteomics and bioinformatics have proven to be an effective tool to study complex diseases and mechanisms of action of nutrients. We previously showed that substitution of the majority of carbohydrate in a high fat diet by purple potatoes (PP) or purple carrots (PC) improved insulin sensitivity and hypertension in an animal model of MetS (obese Zucker rats) compared to a control sucrose-rich diet. In the current study, we used TMT 10plex mass tag combined with LC-MS/MS technique to study proteomic modulation in the liver (n = 3 samples/diet) and adipose tissue (n = 3 samples/diet) of high fat diet-fed rats with or without substituting sucrose for purple vegetables, followed by functional enrichment analysis, in an attempt to elucidate potential molecular mechanisms responsible for the phenotypic changes seen with purple vegetable feeding. Protein folding, lipid metabolism and cholesterol efflux were identified as the main modulated biological themes in adipose tissue, whereas lipid metabolism, carbohydrate metabolism and oxidative stress were the main modulated themes in liver. We propose that enhanced protein folding, increased cholesterol efflux and higher free fatty acid (FFA) re-esterification are mechanisms by which PP and PC positively modulate MetS pathologies in adipose tissue, whereas, decreased de novo lipogenesis, oxidative stress and FFA uptake, are responsible for the beneficial effects in liver. In conclusion, we provide molecular evidence for the reported metabolic health benefits of purple carrots and potatoes and validate that these vegetables are good choices to replace other simple carbohydrate sources for better metabolic health.
Introduction
Metabolic Syndrome (MetS) is a complex disorder that predisposes an individual to type 2 diabetes (T2D) and Cardiovascular diseases (CVD). Insulin resistance (IR) is frequently identified as a leading factor in these pathologies [1] . Use of proteomic and bioinformatic tools in protein expression studies enables greater understanding of biological mechanisms of complex diseases and also mechanisms of action of drugs and/or nutrients [2, 3] . Proteins are the final and active product of most of the genome and thus, their levels are the most accurate reflection of what is happening when gene expression is modulated. Poor correlation between mRNA and protein expression, attributed to impaired translation efficiency [4] , emphasizes the significance of directly determining protein abundance. Western blotting has been an effective tool for the study of protein expression for the last 30 years; however, it is limited by the size of the candidate pool that can be examined, giving an incomplete picture of the molecular phenotype.
In previous proteomic analyses, changes in the hepatic proteome in MetS, induced by high fat and high fructose diets in rodents [5, 6] , demonstrated modulation of proteins involved in glucose metabolism, lipid metabolism, oxidative stress and endoplasmic reticulum stress.
The feeding of polyphenol-rich plants, including those high in a subclass described as anthocyanins, has been shown to modify the protein and/or mRNA expression of several genes known to be involved in the processes of lipid metabolism, inflammation and energy homeostasis in the liver and/or adipose tissues [7] [8] [9] [10] [11] [12] [13] . These changes were associated with an improvement in various metabolic risk factors including glucose tolerance, insulin sensitivity, hyperlipidemia, hyperinsulinemia and hepatic steatosis [7] [8] [9] [10] [11] [12] [13] . However, to our knowledge, there has yet to be a study that examined whole proteomic changes in response to anthocyanin-rich plant-supplemented diets. Such a study would provide an unbiased and comprehensive picture of the molecular mechanisms responsible for these plants' biological activity.
We previously showed that the substitution of the majority of carbohydrate in a high fat diet, with purple carrots (PC) or purple potatoes (PP), for 8 weeks, improved insulin sensitivity and blood pressure compared to a control high fat sucrose-rich diet in a model of MetS, obese Zucker rats. PP were more effective in improving insulin sensitivity while PC were more effective on the blood pressure measures [14] . The current study aimed to examine the proteomic changes in the liver and adipose tissues of these animals using tandem mass tag (TMT 10plex) labelling combined with liquid chromatography tandem mass spectrometry (LC-MS/MS). This technique enables the concurrent identification and comparative quantitation of the peptides from 10 different samples. These profiles are then used to generate potential molecular mechanisms for the observed phenotypic changes induced by these vegetables (i.e., improvement in insulin sensitivity and blood pressure).
Materials and Methods

Experimental Design, Sample Collection and Tissue Homogenization
Liver and adipose tissue samples were collected from rats ad libitum fed 3 exact experimental modified high fat AIN-93M diets (Research Diets Inc., New Brunswick, NJ, USA) (n = 15 rats/diet) that only differed for the carbohydrate source for 8 weeks (Table 1 ). The control diet had sucrose whereas PP and PC diets had purple potatoes and purple carrots as main sources of carbohydrate as previously described in detail [14] . This protocol was approved by the Animal Care Committee of the University of Guelph (Animal Utilization Protocol #12R012) in accordance with the guidelines from the Canadian Council on Animal Care (CCAC). A subsample of frozen liver (n = 3 per diet group) and adipose tissues (n = 3 per diet group) were randomly selected and homogenized (Fast Prep ® 24; MP biomedical, Santa Ana, CA, USA) using NP40 cell lysis buffer (Invitrogen, Camarillo, CA, USA) (3 volumes for adipose and 30 volumes for liver samples) supplemented with protease inhibitor cocktail and phenyl methyl sulfonyl fluoride (Sigma-Aldrich, St. Louis, MO, USA). The lysates were centrifuged at 5000× g for 10 min at 4 • C [15, 16] . Total protein content of the infranatant was determined using a BCA protein assay kit (Thermo Fisher, Rockford, IL, USA). The lysates were then sent to the SPARC BioCentre, SickKids Hospital (Toronto, ON, Canada) to perform the TMT labelling and LC-MS/MS analyses. 1 PP is high fat diet supplemented with purple potatoes; 2 PC is high fat diet supplemented with purple carrots.
Sample Preparation (Denaturation, Alkylation and Digestion) and TMT Labelling
The samples were solubilized with 1% Sodium dodecyl sulfate (SDS) and 8 M urea with sonication. The proteins were reduced in 1 mM dithiothreitol (DTT) for 1 h at 56 • C and the free cysteine residues were alkylated by incubating with iodoacetamide for 30 min protected from light at room temperature. The proteins were precipitated with 5 volumes of prechilled acetone overnight at −20 • C. The samples were centrifuged at 8000× g for 10 min at 4 • C. The pellets were dried for 2-3 min before dissolved with triethylammonium bicarbonate (TEAB). The samples were then digested with trypsin 2.5 µg for 100 µg of protein overnight at 37 • C. Fifty micrograms of protein from each sample was labeled using 0.4 mg of TMT 10plex (ThermoFisher, Rockford, IL, USA) by incubating at room temperature for 1 h. The labeling reaction was stopped using 5% hydroxylamine. The peptides were mixed and the solvent removed under vacuum.
Liquid Chromatography and Tandem Mass Spectrometry (LC-MS/MS)
The peptides were analyzed on an Orbitrap analyzer (Q-Exactive, ThermoFisher, San Jose, CA, USA) outfitted with a nanospray source and EASY-nLC nano-LC system (ThermoFisher, San Jose, CA, USA). a 75 µm × 50 cm PepMax RSLC EASY-Spray column filled with 2 µM C18 beads (ThermoFisher, SanJose, CA, USA) was used to load the peptide mixture at a pressure of 800 Bar. Peptides were then subjected to a stepwise gradient elution over 240 min at a rate of 250 nL/min (0-4% Acetonitrile containing 0.1% Formic Acid over 2 min; 4-28% Acetonitrile containing 0.1% Formic Acid over 226 min, 28-95% Acetonitrile containing 0.1% Formic Acid over 2 min, constant 95% Acetonitrile containing 0.1% Formic Acid for 10 min). In the Q-Exactive mass spectrometer (ThermoFisher, San Jose, CA, USA), one MS full scan (525-1600 m/z) was performed with an automatic gain control (AGC) target of 1 × 10 6 maximum ion injection time of 120 ms and a resolution of 35,000 with subsequent 15 data-dependent MS/MS scans with a resolution of 35,000, an AGC target of 1 × 10 6 , maximum ion time of 120 ms, and one microscan. The intensity threshold required to trigger a MS/MS scan was at an underfill ratio of 0.2%. In the higher energy collision dissociation (HCD) trap, normalized collision energy of 30 V was used for the fragmentation. The dynamic exclusion was applied with an exclusion period of 40 s [17] .
Protein Identification and Quantitation
The MS/MS data was searched against the Rat UniProt database using Proteome Discoverer version 1.4 (ThermoFisher, San Jose, CA, USA) which also extracted the quantitation data from the 10 TMT tags. The data was imported into Scaffold Q+ (Proteome Software, Portland OR, USA) for label based quantitative analysis. Protein identifications were accepted if they contained at least 2 identified peptides above 95% tandem mass spectrometry confidence (with 0% decoy false discovery rate (FDR)).
Differentially expressed proteins were determined by applying t-Test with unadjusted significance level p < 0.05 corrected by Benjamini-Hochberg.
In-Silico Functional Analyses
We performed in silico functional analyses of the differentially expressed proteins to explore the biological meaning behind the modulation of expression of these proteins by the purple vegetable diets. The Database for Annotation, Visualization and Integrated Discovery (DAVID) [18] was used to perform functional enrichment analyses. The enriched (i.e., overrepresented) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and gene ontology (GO) terms biological processes component in the list of the differentially expressed proteins were identified. To account for multi-hypotheses testing, the p-values of the enrichment analyses were adjusted using Benjamini-Hochberg (p < 0.05).
Results and Discussion
Adipose Tissue Protein Expression
A total of 1944 proteins were identified in the adipose tissue of the rats fed the PP, the PC and the control diets (Supplemental Table S1 ), in which 85 and 224 proteins were differentially expressed with the PP and the PC diets respectively. 46 and 118 proteins were downregulated whereas 39 and 106 proteins were upregulated with the PP and the PC respectively (Tables 2 and 3 ). 3 KEGG pathways and 220 biological processes were enriched in the proteins list of the PP diet while 24 KEGG pathways and 405 biological processes GO terms were enriched in the proteins list of the PC diet (at Benjamini p value < 0.05) (Supplemental Tables S2 and S5 ). Some of the enriched pathways and processes observed were mainly involved in lipid metabolism and cholesterol efflux with both diets and protein folding with the PP alone (Tables 4 and 5 ). 
Protein Folding and Endoplasmic Reticulum (ER) Stress
"Protein processing in ER" pathway and "protein folding" biological process were both strongly enriched in the differentially expressed protein list with the PP (Table 4 ). All the proteins involved in both the pathway and the biological process were upregulated with the PP diet. UDP-glucose glycoprotein glucosyltransferase 1 (Uggt1), calnexin (Canx) and calreticulin (Calr) are involved in quality control process of protein folding in ER through recognizing, retaining and refolding the immaturely folded proteins [19] . Uggt1 recognizes proteins with folding defects, retains them and directs them to Canx/Calr cycle to be refolded properly. Heat shock protein family A member 5 (Hspa5), PDI family (Pdia 3, 4 & 6) and heat shock protein 90, beta, member 1 (Hsp90b1) are also recognized as major molecular chaperones [20] . Both Hspa5 and Hsp90b1 catalyze protein folding while the PDI family catalyzes the formation of disulphide bonds, thereby regulating regulates protein folding as well.
Accumulation of misfolded or unfolded proteins results in ER stress. ER stress response or UPR (unfolded protein response) is known as a common mechanism of the pathogenesis of IR. For instance, UPR recruits and activates a number of stress kinases that eventually impair insulin signaling pathway through inducing serine phosphorylation of IRS1. Moreover activation of the stress kinases promotes proinflammatory cytokines synthesis that also negatively affects insulin signaling [21] . Our finding is consistent with the observation that purple sweet potato color reduced the levels of the ER stress markers, phospho-pancreatic endoplasmic reticulum resident kinase (p-PERK), phospho-eukaryotic translation initiation factor (p-eIF2) and phopho-inositol-requiring 1 (p-IRE1) in the livers of mice fed high fat diet and also suppressed the ER induced inflammation by decreasing nuclear factor-κB (NF-κB) nuclear translocation [22] .
Lipid Metabolism Lipid Synthesis
Both "fatty acid biosynthetic" and "lipid biosynthetic" processes were enriched in the differentially expressed protein list with both the PP and PC diets (Tables 4 and 5 ). Among the proteins involved in these BP GO terms are Acetyl-CoA carboxylase alpha (Acaca) and fatty acid synthase (Fasn) that were downregulated with both diets. This indicated that de novo fatty acid synthesis was probably downregulated. ER lipid raft associated 2 (Erlin2) was upregulated with the PC diet. This can be another sign of a decreased de novo fatty acid synthesis with the PC diet. Erlin2 depletion was shown to activate SREBP genes and subsequently increasing fatty acid and cholesterol biosynthesis [23] . However, the upregulation of phosphoenolpyruvate carboxykinase 1 (Pck1), with both diets, could be an indication of an increased fatty acid re-esterification, that could be coupled with the increased glyceroneogenesis. In adipose tissue, cytosolic Pck1 is a key enzyme in glycerneogenesis that involves the synthesis of glycerol 3 phosphate (G-3-P) by decraboxylating amino acids to phosphoenolpyruvate (PEP) that then converts to dihydroxyacetone phosphate (DHAP), a precursor of G-3-p [24] . The synthesized G-3-P is utilized for fatty acid re-esterification and triglyceride (TG) synthesis in white adipose tissue [24] . In fact, over expression of Pck1 in adipose tissue of mice was shown to increase FFA re-esterification, glycernoegenesis and obesity while decreasing circulating FFA levels and preserving glucose tolerance and whole body insulin sensitivity [25] . Lipid localization to the adipose tissue will probably decrease the lipid accumulation in other tissues (i.e., lipotoxicity). Intracellular accumulation of lipid intermediates like DAG and ceramides are known to interrupt insulin signaling [26] . Upregulation of Glycerol-3-phosphate acyltransferase 3 (Gpat3), with the PC diet, may be another sign of an increase in fatty acid re-esterification and TG synthesis. Gpat3 is the first enzyme of the TG de novo synthesis pathway. Its increased expression increases TG formation [27] . Both apolipoprotein C1 (Apoc1) and apolipoprotein C2 (Apoc2) were upregulated with the PP diet whereas Apoc2 and Apoc3 were upregulated with the PC diet. Apoc2 is required for lipoprotein lipase (LPL) activation. The LPL hydrolyzes TG to free fatty acids that are uptaken and deposited to the adipose tissue [28] . However, Apoc1 and Apoc3 exert the opposite effect of Apoc2 on LPL activity [29] . So it is not clear if LPL is activated or inhibited. Hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2) downregulation is an indication of a probable decrease in ketogenesis with both diets. Hmgcs2 is a rate limiting enzyme of the ketone bodies biosynthesis [30] . It is a mitochondrial form of the enzyme that catalyzes the condensation of acetyl CoA with acetoacetyl CoA to form HMGCOA [30] . Ketogenesis is induced in long fasting, prolonged exercise and diabetes. Ketone bodies are used as fuels in these cases [30] . Also Hmgcs2 expression increased with starvation and decreased in response to insulin [30] . So it seems that PP fed rats did not need ketone bodies for energy compared to the control group. Or perhaps they just had less acetyl CoA generated from β-oxidation that led to less ketone bodies synthesis.
Lipid Catabolism
The "lipid catabolic" process was enriched with both the PP and the PC while the "fatty acid catabolic" process was enriched with the PC alone and both "TG catabolic" and "TG metabolic" processes were enriched with the PP alone (Tables 4 and 5 ). Upregulation of both perilipin1 (Plin1) and carboxylesterase 1D (Ces1d), with both diets, could be indicative of higher lipolysis activity. Both Plin1 and Ces1d are known to be lipolytic proteins. However, Plin1 has a complex role in lipolysis as it exerts opposing effects on basal and catecholamine stimulated lipolysis. Under basal state, Plin1 decreases lipolysis through coating the lipid droplets and preventing the access of the lipolytic enzymes (e.g., hormone sensitive lipase) to the stored lipids. At the same time, TG levels are relatively unchanged. Most of the liberated FFAs, resulting from TG hydrolysis, are actually being recycled to TG [31] whereas, under stimulated conditions (i.e., during fasting or exercise), the phosphorylated Plin1 gives access to hormone sensitive lipase and TG lipase to the lipid core allowing lipolysis [31] . Perillpin ablation in mice resulted in higher basal lipolysis and lower stimulated lipolysis. Perillipin null mice were lean but less glucose tolerant [32] . Ces1d was identified as a major lipolytic enzyme in mice [33] . However, it was not confirmed that it has the same effect on the lipolytic activity in human adipose tissue [34] . Furthermore, the concomitant upregulation of Apoc2 and Pck1 may support the idea that the liberated FFAs are not released to the circulation and instead they may actually be re-esterified and deposited to the adipose tissue. So generally we can see some evidence of lower FFA release and lower de novo fatty acid synthesis that may explain the improved insulin sensitivity with these diets.
Among the proteins involved in the "fatty acid catabolic" process are Acetyl-CoA acyltransferase 2 (Acaa2) and trifunctional protein (Hadha & Hadhb) and they were downregulated with the PC (Table 5) . They are the enzymes catalyzing the last steps of the mitochondrial fatty acid β-oxidation. Peroxisomal bifunctional protein (Ehhadh) is also downregulated. Ehhadh is involved in peroxisomal fatty acid β-oxidation as well [35] . The probable decrease in the fatty acid oxidation observed may be due to either the reduced abundance of the newly synthesized fatty acids or directing fatty acids to the re-esterification pathway.
"Regulation of lipolysis in adipocytes" KEGG pathway is also enriched with the PC alone with GNAS complex locus (Gnas), abhydrolase domain containing 5 (Abhd5), hormone sensitive lipase (Lipe), cAMP-activated protein kinase (Prkaca) and Plin1 (Table 5) . They were all upregulated with the PC diet. This can be an indication of increased stimulated lipolysis in this group. Under catecholamine stimulation and during fasting, Gnas activates adenylate cyclase with a subsequent increase in cAMP. High levels of cAMP activate Prkaca that phosphorylates both Lipe and Plin1 with a subsequent TG hydrolysis [36] . Plin1 phosphorylation induces a conformational change that gives lipolytic enzymes more access to the adipocytes allowing lipolysis [37] . Abhd5 also positively regulate lipolysis via activating adipose triglyceride lipase (ATGL). ATGL hydrolyzes TG releasing FFAs and DAG [38] . However, also only under the stimulated lipolysis state and Plin1 phosphorylation, Abhd5 gets released from its binding with Plin1 which allows its action on ATGL [31] . During fasting or exercise, the liberated free fatty acids are needed and directed to other tissues to be oxidized for energy. Also Plin1 upregulation may indicate less basal lipolysis. Higher basal lipolysis is suggested to be the cause of IR in Plin1 null mice with low stimulated lipolysis [32] . However, more studies on differentiating the role of stimulated lipolysis versus the role of basal lipolysis in IR are needed.
Cholesterol Efflux/Reverse Cholesterol Transport (RCT)
Both "cholesterol efflux" and "RCT" processes are enriched in the differentially expressed proteins list with the PP (Table 4) . "Cholesterol efflux" process is also enriched with the PC (Table 5) . Apolipoprotein A1 (Apoa1), Apoa2, Apoc1 and Apoc2 were upregulated while apolipoprotein E (Apoe) was downregulated with the PP diet. Apoa2, Apoa4, Apoc2, Apoc3 and caveolin1 (Cav1) are all upregulated with the PC diet as well. Since Apoa1 and Apoa2 are the most abundant apolipoproteins in high density lipoprotein cholesterol containing particles (HDLc) [28] , perhaps the higher protein abundance is simply an indication of overall higher HDLc levels with the PP compared to the control diet. As reported previously, the PP group was more insulin sensitive than the control group; it would not be surprising to see an associated improved lipid profile (i.e., higher HDLc). The association of dyslipidemia with IR is thought to be due to the high VLDL hepatic secretion and the high postprandial chylomicron levels coupled with the exchange of cholesterol esters from HDLc with TG from TG-rich lipoproteins. This leaves a more hydrolysis and dissociation prone TG-rich HDL particle, and thus reduces the number of HDL particles [39] . Apoa1 transcription was shown to be modulated by dietary and hormonal factors [40] . Increased human Apoa1 expression in transgenic mice increases HDLc levels and inhibits atherosclerosis [40] . At this point, it is not clear if the high Apoa1 and Apoa2 are the result of higher insulin sensitivity and higher HDLc with the PP diet, or due to a direct effect of the PP on the expression of Apoa1 and Apoa2. Furthermore, since Apoe is typically found on TG-rich lipoproteins (chylomicrons, IDL, VLDL) [28] , its decreased expression may be just a reflection of lower levels of these lipoproteins with the PP diet.
Apoa1 has a major role in cholesterol efflux (i.e., cholesterol acceptor) and is also a main lecithin cholesterol acyl transferase (LACT) activator that catalyzes cholesterol esterification and promotes more cholesterol uptake by HDL particles [28] . However, Apoa2, Apoa4, Apoc2, Apoc3 and Cav1 were all shown to promote cholesterol efflux in vitro [41, 42] . This strongly suggests that cholesterol efflux is enhanced with both diets. Cholesterol efflux is the first step of RCT that involves the removal of the excess cholesterol from the tissues and delivering it back to the liver for excretion [28] .
Cholesterol efflux capacity was progressively reduced in patients with MetS with increasing number of MetS risk factors [43] . It also was negatively correlated with fasting blood glucose and systolic blood pressure [43] . Efflux capacity is inversely associated with the risk of coronary heart disease (CHD) [44] . Although the capacity is positively correlated with the Apoa1 concentration, it is the capacity, rather than the concentration, that is suggested to be the accurate predictor of CHD [44] .
Taken together, these data suggest that decreased de novo lipogenesis, a decrease in basal lipolysis, increased fatty acid re-esterification, reduced ER stress (with PP alone), and probably increased cholesterol efflux in adipose tissue, each contributes to the mechanisms responsible for improving MetS pathologies (insulin sensitivity and hypertension), with PP and PC feeding (Figure 1 ). 
Liver Protein Expression
A total of 941 proteins were identified in the livers of rats fed the PP, the PC and the control diets (Supplemental Table S3 ) of which 69 and 62 proteins were differentially expressed with the PP and the PC respectively. Thirty-seven proteins were downregulated and 32 proteins were upregulated with the PP diet (Table 6 ) whereas 29 proteins were downregulated and 33 proteins were upregulated with the PC diet ( Table 7) . A total of 26 KEGG pathways and 134 biological processes were enriched in the proteins list with the PP diet while 20 KEGG pathways and 130 biological processes were enriched with the PC diet (at Benjamini p value < 0.05) (Supplemental Tables S4 and S6 ). Some of the enriched pathways and processes observed were involved in lipid metabolism, carbohydrate metabolism and oxidative stress (Tables 8 and 9 ). 
Lipid Metabolism Lipid Synthesis
Both "fatty acid biosynthetic" and "lipid biosynthetic" processes are enriched in the list of the differentially expressed proteins with the PP while "acyl CoA biosynthetic" process was enriched with the PC diet (Tables 8 and 9 ). Downregulation of Fasn, pyruvate carboxylase (Pc) and ATP citrate lyase (Acly) with the PP as well as downregulation of Acly, Fasn and pyruvate dehydrogenase alpha 1 (Pdha1) with the PC likely indicate a decrease in de novo fatty acid synthesis with both diets. Pc catalyzes the conversion of pyruvate to oxaloacetate that condenses with acetyl CoA to produce citrate. In the cytoplasm, Acly converts citrate back to acetyl CoA which is then used in fatty acid synthesis [45] . In db/db mice, ablation of hepatic citrate lyase prevents de novo lipogeneis and hepatic steotosis and promotes insulin sensitivity in muscle [46] . Pdha1, like Acyl, is an acetyl CoA source.
Farnesyl diphosphate synthase (Fdps) and solute carrier family 27 member 5 (Slc27a5) were both upregulated with the PP (Table 8) . Fdps catalyzes the formation of farnesyl pyrophosphate that constitutes a branching point of the isoprenoid pathway that yield both sterol and non-sterol metabolites [47] . Slc27a5 is a bile acyl CoA synthase that is involved in bile acid conjugation and activation before excretion into the bile canaliculi [48] . So, even though the upregulation of Fdps can be a sign of increased de novo cholesterol synthesis, the upregulation of slc27a5 suggests an increased incorporation of the synthesized cholesterol into bile acid biosynthesis with the PP. Bile acid formation from cholesterol is a main cholesterol excretion route [47] . Primary bile acid synthesis was also enriched with the PC (Table 9 ). However, even though Hsd17b4 is upregulated, Akr1d1 and sterol carrier protein 2 (Scp2) are downregulated. All three proteins are involved in bile acid biosynthesis [49] [50] [51] . So no conclusion on bile acid synthesis can be made with the PC.
Both acyl-CoA synthetase long-chain family member 1 (Acsl1) and acyl-CoA synthetase long-chain family member 5 (Acsl5) are upregulated with the PP. Long chain acyl CoA synthases are a group of enzymes that catalyze the formation of acyl CoAs that can then be directed to either lipid synthesis or oxidation [52] . Acsl1 is suggested to be mainly involved in TG synthesis whereas Acls5 is suggested to be involved in β-oxidation [52] . However, data from a loss of function in vitro study, observed a role for Acsl5 in directing fatty acids to TG synthesis [53] . In another loss of function study, hepatic Acsl1 was suggested to have a role in both βoxidation and TG synthesis [54] . Because both pathways may be activated, it would be important to know the relative activation of one pathway over the other (i.e., enzyme activities and/or metabolite levels) to determine whether there would be overall change.
Lipid Catabolism "Lipid catabolic" and "fatty acid β-oxidation" processes were enriched in the list of the differentially expressed proteins extracted from the liver tissues of the PP group while the "Fatty acid catabolic" process was enriched with that of the PC group (Tables 8 and 9 ). Fatty acid β-oxidation seems to be downregulated with both diets. Acyl-CoA dehydrogenase, long chain (Acadl) was found to be downregulated with the PP. Also Acadl, Acaa2, and carnitine palmitoyltransferase 1A (Cpt1a) were all downregulated with the PC. Acadl and Acaa2 catalyze the first and the last steps of β-oxidation pathway respectively whereas Cpt1a is the enzyme that is responsible for transporting fatty acids to the mitochondria for oxidation [35] . The probable decrease in the fatty acid oxidation could be due to the observed decrease in the abundance of the fatty acids as a result of reduced de novo lipogenesis. However, the Upregulation of acyl-CoA oxidase 3 (Acox3) and cytosolic isocitrate dehydrogenase (Idh1), with the PP, as well as, the upregulation of d bifunctional protein (Hsd17b4), with the PC, is probably a sign of higher peroxisomal fatty acid β-oxidation in the liver. Acox3 is a rate limiting enzyme in β-oxidation pathway of the peroxisome as it catalyzes the oxidation of methyl branched fatty acyl CoAs and to a lesser extent straight chain fatty acids [35] . Also, cytosolic Idh1 was shown to be necessary for peroxisomal β-oxidation of unsaturated fatty acids in rat liver cells through provision of NADPH [55] . Hsd17b4 is also involved in peroxisomal fatty acid β-oxidation [49] .
Carbohydrate Metabolism
The "carbohydrate catabolic" process and "pentose phosphate" KEGG pathway were enriched with the PP while "carbohydrate metabolic" process was enriched with the PC (Tables 8 and 9 ). Glycolysis seems to be decreased with both diets as glucose-6-phosphate isomerase (Gpi), fructose-bisphosphate aldolase B (Aldob) and pyruvate kinase (Pklr), 3 enzymes of the glycolytic pathway [56] , and dihydrolipoamide S-acetyltransferase (Dlat) are all downregulated with the PP diet while both Pklr and Pdha1 are downregulated with the PC diet. Dlat is a component of pyruvate dehydrogenase complex that converts pyruvate to acetyl CoA that gets directed to the citric acid cycle or used for de novo lipogenesis.
While glycolysis seems to be decreased, glycogen synthesis pathway proteins (i.e., glycogen synthase) do not seem to be higher in PP livers compared to control liver. However, it does seem that glucose is being directed to the pentose phosphate pathway, as glucose 6 phosphate dehydrogenase (G6pd) is upregulated with the PP. It is true that transketolase (Tkt) is downregulated but it is more involved in the non-oxidative part of the pathway that produces more glycolytic intermediates. The main products of the pentose phosphate pathway are NADPH and ribose 5 phosphate. NADPH is known to be used in fatty acid and cholesterol biosynthesis and in the reduction of oxidized glutathione [57] . Reduced glutathione may confer antioxidant protective effects as it reduces oxidized glutathione peroxidase [58] . It is worth noting that Glutathione peroxidase (Gpx1), the enzyme that reduces H 2 O 2 [58] , is also among the upregulated proteins in the PP list.
On the PC side, upregulation of UDP-glucose pyrophosphorylase 2 (Ugp2) may be a probable indication of increased glycogen synthesis with the PC. Ugp2 catalyzes the reversible synthesis of UDP glucose which is the immediate precursor of glycogen synthesis [59] . Sorbitol dehydrogenase (Sord) is also downregulated with the PC. Sord is the second enzyme of the polyol pathway where glucose is converted to sorbitol then fructose by the action of Sord. However, its catalytic action is suggested to contribute to oxidative stress by producing NADH that produces ROS by the action of NADH oxidase [60] .
3.2.3. Oxidative Stress "Response to oxidative stress" and "hydrogen peroxide catabolic" biological processes (Table 9) are enriched with the PC alone. Upregulation of catalase (Cat), enzyme catalyzing the conversion of H 2 O 2 to water and O 2 [61] , can be a sign of antioxidant protective effects. Also, downregulation of both hemoglobin subunit beta and hemoglobin alpha 1 (Hbb and Hba1) may be a sign of less oxidative stress with PC group. The expression of both proteins was higher in fatty liver disease that was suggested to be due to the associated higher oxidative stress [62] . Similarly, heat shock protein family A (Hsp70) and heat shock protein family D member 1 (Hspd1) expression and phosphorylation respectively were induced in response to oxidative stress [63, 64] . Parkinsonism associated deglycase (Park7) is a redox sensitive protein that was shown to be upregulated in vitro under oxidative stress conditions [65] . So downregulation of Hspa8, Hspd1 and Park7 may also be a sign of less oxidative stress with PC. Oxidative stress is an established player in promoting IR [66] and hypertension [67] . In fact, oxidative stress may be one of the links between fat accumulation in the liver and IR [68] . Oxidative stress interrupts insulin signaling through activating stress kinases and serine-phosphorylating IRS1 [68] . Furthermore, ROS induces endothelial dysfunction as one way of developing hypertension [67] . Oxidative stress is seen as a common pathological mechanism between fatty liver and CVD [69] .
These findings are in agreement with multiple studies that observed antioxidative damage properties of purple vegetables. For instance, consumption of purple potatoes significantly reduced the concentrations of 8-hydroxydeoxyguanosine, a marker of oxidative stress induced DNA damage in men [70] . Purple carrot juice also decreased plasma oxidative stress markers such as malondialdehyde levels [71] . In vitro purple vegetable extracts were able to increase the activity of several antioxidant enzymes such as CAT, GPx and superoxide dismutase [72] .
Taken together, these data suggest that a decrease in hepatic de novo lipogenesis, a probable increase in the peroxisomal fatty acid oxidation and a decrease in the fatty acid delivery to the liver from the adipose tissue, each contributes to the mechanisms responsible for improving MetS pathologies with PP and PC feeding ( Figure 1) . All of the aforementioned signs are mechanisms involved in hepatic lipid accumulation [73] . A decrease in hepatic de novo lipogenesis improves hepatic insulin sensitivity [73] . Lipid metabolites, such as DAG, induce IR in the liver by activating protein kinase C and serine-phosphorylating IRS1 [73] . Reducing oxidative damage may also be contributing to the positive effects of these vegetables on MetS pathologies in the liver (Figure 1) . Some of the current study findings are consistent with other proteomic studies that looked at the adipose proteomic profile changes in response to rosiglitazone [74] , resveratrol [75] , and caloric restriction [76] . The modulated proteins were involved in lipid metabolism such as perillpin with rosiglitazone [74] and APOA1, fatty acid binding proteins and aldoketoreductases with caloric restriction [76] and oxidative stress such as catalase and superoxide mutase with rosiglitazone [74] and perioxiredoxin and heat shock protein 70 with resveratrol [75] . Heat shock proteins involved in protein folding were also modulated with rosiglitazone [74] .
Conclusions
There are some obvious similarities between the two purple vegetables in the enriched biological processes, the involved proteins and finally in the main suggested mechanisms of action in the liver and adipose tissue. Overall, we provided a molecular basis of the metabolic benefits of these vegetables that substantiate the results of our previous study on the metabolic phenotypic parameters. Interestingly, there appear to be many more regulated target proteins in the adipose tissue compared to the liver. This is somewhat surprising given the assumed central role for liver in handling macronutrients and phytochemicals. It does however, point to the now very much appreciated role of adipose tissue in regulating metabolism. No longer do we consider adipose as a benign fat depot but rather a pivotal regulator of the entire metabolic phenotype.
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